Introduction
============

Atherosclerosis and arteriosclerosis, the morphological correlates of vascular disease, are characterized by early endothelial dysfunction and altered contractility of vascular smooth muscle cells (VSMCs). In 1856 Rudolf Virchow presented a theory that inflammation is the driving force of atherosclerosis. However, scientific proof for this was discovered only 30 years ago.[@R1] Inflammation participates importantly in host defenses against infectious agents and injury, but it also contributes to the pathophysiology of atherosclerosis. Various factors can injure vascular endothelium leading to the release of numerous inflammatory mediators resulting in recruitment of blood leukocytes, which inflict further inflammatory response. Thus, cells of both innate and adaptive immunity modulate the chronic inflammatory process initiating and acting in the atherosclerotic plaque development.[@R2] The change in the milieu prompts vascular smooth muscle cells to undergo de-differentiation characterized by loss of contractility, increased cell motility and proliferation.[@R3] These processes together with buildup of lipids, cholesterol, calcium and cellular debris within the intima of the vessel wall lead to the formation of advanced atherosclerotic plaque, vascular remodeling and acute and chronic luminal obstruction.[@R4]

A seminal signal transduction pathway operating at the frontier of innate and adaptive immunity and importantly contributing to inflammation is the JAK-STAT pathway. The involvement of this pathway in atherosclerosis has been long appreciated.[@R5]^,^[@R6] However, until only recently the attention of the researchers was primarily focused on immune cells. As such it has become clear that for instance in macrophages, dendritic cells as well as lymphocytes, JAK-STAT-mediated signal integration exists between triggers of innate and adaptive immunity, which forms a basic aspect of the host defense against pathogens. Work of more recent nature, including that of our group, uncovered the unique role of STAT1 in cross-talk between the pro-inflammatory activators IFNγ and LPS. Moreover, this signal integration takes place not only in immune cells, but also in cells from the vasculature (ECs and VSMCs) and collectively leads to increased inflammation and progression of vascular damage.[@R4]^,^[@R7] In this review we will summarize the molecular mechanisms of this phenomenon and highlight the biological impact of these findings that could potentially lead to discovery of novel pharmaceutical targets and diagnostic and prognostic assay development.

Atherosclerosis, Inflammation and Immunity
==========================================

The function of healthy arterial endothelium is to maintain proper blood flow and provide a physical barrier between blood and surrounding tissue. This is achieved by the ability of endothelial cells to inhibit thrombosis, leukocyte adhesion, VSMC proliferation and to regulate vessel tone. The very first incident in the chain of events leading to the formation of atherosclerotic plaques is endothelial cell injury and the resulting endothelial cell dysfunction ([Fig. 1](#F1){ref-type="fig"}).[@R8] Although there is still some debate on this, factors inducing EC dysfunction include: pulsatile blood flow and shear stress,[@R9]^,^[@R10] oxidized LDL particles,[@R11] pathogens,[@R12] endogenous damage associated molecules (HSPs,[@R13] fragments of extracellular matrix[@R14]^,^[@R15]) and pro-inflammatory cytokines released elsewhere in the organism carried by blood. Many of the above mentioned ligands act by activating scavenger receptors and pattern recognition receptors (PRRs), which are key elements of the innate immunity and are expressed on the surface of ECs.[@R16] In response to cytokines, ECs produce chemokines, pro-inflammatory cytokines and also express adhesion molecules. This attracts circulating leukocytes and allows them to adhere to ECs and translocate into the intima. There, monocytes differentiate into macrophages (reviewed by Hoeksema et al.[@R17]), which phagocytize oxidized LDL and become foam cells, releasing pro-inflammatory cytokines, chemokines and matrix metalloproteinases (MMPs). T lymphocytes differentiate into T helper subsets, including T~h~1, T~h~2, T~h~17 and T~reg~ cells. Among the different lymphocyte subsets, T~h~1 cells are considered to be pro-atherogenic, T~reg~ atheroprotective and the role of T~h~2 and T~h~17 cells is still debated with contradictory evidence being published (reviewed by Butcher and Galkina).[@R18] The release of cytokines and MMPs by the activated immune cells and ECs triggers VSMCs to proliferate, migrate and form foam cells resulting in vessel occlusion and neointima formation ([Fig. 1](#F1){ref-type="fig"}). As such, the forming atheroma is a site of excessive production of cytokines and other inflammatory ligands by various cell types that mediate inflammation and immune responses, and promote vascular remodeling and tissue damage.

![**Figure 1.** Atherosclerotic plaque development. The innate and adaptive immunity co-operate in an inflammatory process that leads to vessel occlusion. (1) Inflammatory triggers induce EC dysfunction by activating the JAK-STAT pathway and PRRs. (2) ECs release inflammatory cytokines, chemokines, adhesion molecules. EC layer permeability increases. (3) Procoagulant surface of ECs promotes leukocyte adhesion and activation. (4) The inflammatory stimuli acts also on SMCs. (5) Leukocytes infiltrate the intima. (6) Activated SMCs produce cytokines and MMPs, which further change the microenvironment. The cells lose contractility and gain motility and proliferate. (7) The infiltrating monocytes transform into macrophages, (8) producing MMPs, further cytokines and ROS. (9) T-cells react to auto-antigens like ox-LDL and differentiate (10) into effector subsets, producing additional cytokines. (11) Macrophages and SMCs phagocytize lipid particles and become foam cells.](jkst-1-241-g1){#F1}

IFNγ in Atherosclerosis
=======================

Since its discovery in 1970[@R19] interferon (IFN)γ has been recognized to not only stimulate immune cells and protect against viral infection, but also play a key role in a number of inflammatory diseases, such as atherosclerosis. The innate and adaptive immunity responses are both affected by the pro-inflammatory IFNγ, which is produced mainly by T~h~1 cells. IFNγ acts by activating macrophages, natural killer cells and B cells, but also vascular cells: smooth muscle and endothelial. The key role of IFNγ in atherosclerotic plaque development was supported by evidence from mouse models of plaque formation. It was shown that serological neutralization or genetic absence of IFNγ significantly reduces atheroma formation.[@R20]^,^[@R21] In addition, IFNγ was found to be highly expressed within atherosclerotic lesions, further proving its critical role in atherogenesis and modeling of cell behavior and cell-cell interactions of all cell types existing in the vessel wall.[@R22] Until now, most reports on the role of IFNγ in atherosclerosis depicted this cytokine as pro-inflammatory with a role in the development and progression of the plaque. IFNγ dependent events include activation and differentiation of T-cells, as well as macrophage-mediated release of inflammatory cytokines, specifically TNFα and IL6, and pathological amounts of nitric oxide. In addition to that, IFNγ can induce adhesion, cell apoptosis and matrix deposition, all of which resemble endothelial cell dysfunction and were shown to contribute to atherosclerotic lesion development.[@R22] Lastly, the formation of SMC foam cells and inhibition of SMC proliferation is promoted by IFNγ both in vitro and in vivo.[@R23]

IFNγ Signaling Pathways
=======================

IFNγ is the sole member of the type II interferon class and as such mediates most of the cell responses through the now well-known JAK-STAT pathway ([Fig. 2](#F2){ref-type="fig"}). Binding of homodimeric IFNγ leads to the activation of type II interferon receptor. The active receptor complex consists of two IFNGR1 chains and two IFNGR2 chains, which on the cytoplasmic side are associated with JAK1 and JAK2 kinases respectively. Bringing these kinases in close proximity allows them to cross-phosphorylate each other on specific tyrosine residues. Active JAK kinases can in turn phosphorylate the cytoplasmic domains of the IFNGR1 creating docking sites for the signal transducer and activator of transcription (STAT)-1 protein. STAT1 is a member of a family of transcription factors comprising in total seven proteins.[@R24]^-^[@R26] STAT proteins share structural homology: N-terminal domain (ca. 140 a.a.), coiled-coil domain (ca. 180 a.a.), DNA binding domain (ca. 170 a.a.), linking domain (ca. 90 a.a.), SH2 domain (ca. 140 a.a.) and transcriptional activation domain. The N-terminal domain is involved in dimer complex formation and methylation, the coiled-coil region interacts with other transcription factors and the SH2 domain interacts with phosphorylated tyrosine motifs. Receptor bound STAT1 is phosphorylated, dissociates from the receptor and creates active homodimers that translocate to the nucleus where, by binding to interferon gamma activated sequence (GAS), they activate transcription. STAT1-target genes include chemokines (IP-10 and CCL5), adhesion molecules (ICAM-1) and transcription factors (IRF1 and IRF8).[@R24]^,^[@R25]^,^[@R27]

![**Figure 2.** IFNγ signaling. Upon ligation, two IFNGR1 and two IFNGR2 chains create a tetrameric receptor. The cytoplasmic tails are bound by JAK1 and JAK2 kinases respectively. The close proximity allows the kinases to cross-phosphorylate each other. The activated kinases then phosphorylate specific tyrosine residues on the cytoplasmic domain of IFNGR1, creating docking sites for STAT1 transcription factor. Bound STAT1 is phosphorylated, dissociates from the receptor and creates active homodimers. These can translocate to the nucleus, where they bind the GAS element in the promoter region of interferon stimulated genes, which comprises the first, immediate response to IFNγ. Among these genes are IRF transcription factors, which act in a delayed manner, to sustain IFN induced response. IRF1 can act as a homodimer binding to the ISRE element. IRF8 cannot bind DNA by itself, and so acts as a heterodimer with IRF1 or other binding partners (e.g., PU.1) activating ISRE or ISRE-like elements.](jkst-1-241-g2){#F2}

IFNγ and IRFs
=============

While the STAT1 homodimer is the primary and best characterized route to IFNγ-induced transcription, IFNγ additionally activates transcription factors of the interferon regulatory factor (IRF) family ([Fig. 2](#F2){ref-type="fig"}). Currently nine members of this family have been identified in mammals (named IRF 1 to 9). All IRFs share a highly conserved N-terminal DNA-binding domain, which is ultrastructurally characterized by a helix-loop-helix motif with a signature tryptophan pentad. IRFs were identified as transcription factors that specifically bind to a highly conserved consensus site in the promoter region of type I IFN and interferon-inducible genes, named IFN-stimulated response element (ISRE).[@R24]^,^[@R28] In this way IRFs were found to regulate the expression of many genes that play a pivotal role in a host of cellular functions such as proliferation, apoptosis, cell cycle regulation and regulation of innate and adaptive immune defense.[@R28]

In the context of IFNγ crucial role play IRF1 and IRF8, particularly by amplifying expression of IFNγ-responsive genes initiated by STAT1 ([Fig. 2](#F2){ref-type="fig"}).[@R26] In contrast to STAT1 and IRF1, which are ubiquitously expressed, IRF8 expression is thought to be restricted to lymphoid-cell lineages such as B, T and dendritic cells and macrophages. Accordingly, IRF8 was shown to take part in unique subsets of ISRE-mediated (named EIRE and EICE) but also in GAS-mediated transcription in co-operation with other IRFs (IRF1) or other transcription factors including PU.1 (also immune cell restricted) to drive the differentiation of these lineages. Thus, IRF8 may in part account for "immune cell-specific" STAT1-dependent functions of IFNγ.[@R29] Interestingly, recently we obtained evidence for the first time that IRF-8 is highly expressed in EC and VSMC after IFNγ treatment[@R30] (Chmielewski et al., manuscript in preparation), suggesting that it could also regulate "vasculo-specific" STAT1-dependent functions of IFNγ. The role of IRF-8 in EC and VSMC (dys)function has not been studied but, it is tempting to speculate that IRF-8 specifically regulates STAT1-dependent IFNγ-directed transcriptional responses in cell types involved in vascular dysfunction. In addition, IRF8 could potentially mediate IFNγ-directed cross-talk between EC, VSMC and atheroma-interacting immune cells.

TLR4 Signaling
==============

Toll-like receptors (TLRs) are a more recent discovery than interferons. The name of the family comes from the Drosophila Toll receptor, which was originally recognized to have a role in embryonic development.[@R31] It was only in 1996 that its fundamental contribution to the fly's innate immune response to fungi was revealed by a group of J. Hoffmann.[@R32] The first human TLR was discovered in 1994,[@R33] but its subsequent role in defense against pathogens was uncovered in 1997.[@R34]^,^[@R35] Data obtained by many research groups since then showed that TLRs are important regulators of the innate immune system. To date, there have been at least 13 TLRs discovered in mammals, 10 of which are expressed in human cells.[@R36] TLRs are responsible for detection and recognition of multiple exogenous pathogen associated molecular patterns (PAMPs) and endogenous damage associated molecular patterns (DAMPs). This function places them at the frontline of the host cell response to infection, inflammation and injury. Exogenous molecules recognized by TLRs include: bacterial lipoproteins and lipoteichoic acid (TLR2), double stranded RNA (TLR3) and lipopolysaccharide (TLR4). TLR2 and TLR4 can also be ligated by stress or injury-induced altered host-derived ("self") structures, which include heat shock proteins and products of extracellular matrix degradation.[@R36] Depending on the receptor and the nature of the ligand, the active receptor complex may form either a dimer or a monomer with the cytoplasmic domain of the receptor acting as a scaffold for multiple adaptor proteins which relay the signal downstream. This cytoplasmic domain, namely Toll/IL-1 resistance (TIR) domain, is present on all TLRs and their adapters and allows interactions between them.[@R36] The adaptor protein myeloid differentiation protein-88 (MyD88) is involved in signaling of most TLRs, with the exception of TLR3.[@R37] TLR4 ([Fig. 3](#F3){ref-type="fig"}) was shown to utilize all four described TIR-containing adapters: MyD88 and MAL (MyD88-adaptor-like; also known as TIRAP) seem to act in pair to activate the MyD88-dependent pathway resulting in NFκB activation, whereas TIR domain-containing adaptor protein inducing IFNβ (TRIF; also known as TICAM1) and TRIF-related adaptor molecule (TRAM) in pair activate the interferon pathway.[@R38] Together this leads to the induction of various target genes that include type I IFNs, chemokines and cell surface molecules. Since a pro-arteriosclerotic effect has been demonstrated for most of these, TLRs as the main endogenous contributor have also been investigated for their potential role in the development of arteriosclerosis.

![**Figure 3.** TLR4 signaling (simplified). LPS binds the homodimeric TLR4 receptor with the help of MD2 molecule. Ligation of the receptor allows the cytoplasmic TIR domain to interact with accessory molecules. Generally, there are two pathways. One, through MyD88 leads to activation of the NFκB transcription factor, which induces expression of inflammatory cytokines. The second pathway, through TRAM, activates IRFs. IRF8 interacts with other transcription factors leading to inflammatory gene expression. IRF3 is phosphorylated, homodimerizes and induces IFNβ production, which in an auto- and paracrine way can stimulate cells to induce IRF1 and STAT1 in the JAK-STAT dependent manner.](jkst-1-241-g3){#F3}

TLR-Mediated Immune Responses in the Vessel
===========================================

In particular, TLR4 is expressed in both human and mouse atherosclerotic lesions. Expression has mainly been located to endothelial cells and macrophages within the lesion. Also, patients with acute coronary syndromes or coronary arteriosclerotic lesions have an increased TLR4 expression on circulating monocytes as compared with control patients.[@R39] Finally, there is evidence that increased TLR expression correlates with endothelial dysfunction in cardiac transplant recipients.[@R40] Mice deficient in TLR4 have reduced atherosclerosis which establishes that Toll-like receptor dependent pathways contribute to disease development.[@R41] Similarly, TLR4 has been implicated in vascular inflammation in an angiotensin II directed mouse model of vascular dysfunction.[@R42] Moreover, TLR4^−/−^ mice are protected against obesity.[@R43] Further evidence that TLR signaling is important in ischemia-reperfusion injury comes from myocardial ischemia models in which TLR4 signaling is important for infarct size and subsequent left ventricular dysfunction.[@R44] Thus, experimental and clinical evidence exists that TLR4 signaling at the very least participates in vascular damage.

STAT1 and IRF8 in TLR Signaling
===============================

TLR signaling leads to the induction of various target genes that include those encoding type I IFNs, pro-inflammatory cytokines, chemokines and cell surface molecules. Some of these genes are regulated secondary to LPS-induced IFNβ, which after secretion binds to the type I IFN receptor to activate gene expression (including IP-10, MCP-1, CCL5, ISG15 and iNOS) in a STAT1-dependent manner ([Fig. 3](#F3){ref-type="fig"}). As such, STAT1 has been identified as an important mediator in the biological response to different TLRs, including TLR4.

TLRs have also been shown to utilize the IRF family. Specifically, IRF1, IRF3, IRF5, IRF7 and IRF8 were shown to contribute to TLR-mediated signaling.[@R28] IRF1,[@R45] IRF5[@R46] and IRF7[@R47] directly interact with MyD88 in TLR9 signaling. This interaction allows for their activation and subsequent translocation to the nucleus, where they can induce gene expression. IRF3 is constitutively expressed and upon TLR4 activation is phosphorylated in the Myd88 independent pathway leading to IFNβ expression, which in turn can induce IRF1 expression.[@R48] IRF8 is at several levels connected to the TLRs. Independent of TLRs, IRF8 increases TLR gene expression in B-cells and myeloma cells.[@R49] As a TLR signaling component, IRF8 interacts with TNF-receptor associated factor (TRAF) 6, a MyD88 recruited ubiquitin ligase, and regulates the production of type I IFNs and other inflammatory mediators. In this way, unmethylated CpG via TLR9 induces activation of IRF8 in dendritic cells that is mediated by NFκB. Consequently, IRF8-deficient mice reveal a signaling defect of TLR9-mediated induction of TNFα and interleukin-6.[@R50] In dendritic cells IRF8 also facilitates TLR2 and TLR4 mediated induction of interleukins, NO synthase and TNFα that involves activation of several kinases like ERK, JNK and MAP kinase.[@R51] IRF8-deficient mice are highly susceptible to several pathogens, including *Listeria monocytogenes*[@R52] and lymphocytic choriomeningitis virus,[@R53] due to defects in both innate and adaptive immunity. In addition, macrophages from IRF8^−/−^ mice produce diminished levels of TNFα, IL1β and IL12p70 in response to LPS.

STAT1- and IRF8-Mediated Crosstalk between IFNγ and LPS
=======================================================

The synergy between IFNγ and TLR has been implicated in the host defense against pathogens. IFNγ produced by T cells and other cells is considered to enhance TLR signaling in DCs and macrophages for the efficient induction of inflammatory mediators to eliminate pathogens.[@R54]^,^[@R55] Lately, evidence has been provided on the mechanistic insights of this cross-talk between IFNγ and TLR signaling pathways, with STAT1 being a critical mediator.[@R7]^,^[@R56]^,^[@R57] In general it is believed that the transactivation ability of the macrophage STAT1 pool is super-activated upon stimulation with both IFNγ and LPS, relative to either agonist alone.[@R7]^,^[@R54] The STAT1-targets IRF1 and IRF8 have also been shown to contribute to the signal integration between IFNγ and LPS. IRF1 is a major mediator of IFNγ signaling, and is regulated by both IFNγ and TLR agonists as a consequence of STAT1 and NFκB elements in the IRF1 promoter that mediate transcriptional induction.[@R58]^-^[@R61] Zhao et al.[@R51] reported that in macrophages IRF8 was upregulated in response to either IFNγ or LPS, and was super-induced by IFNγ and LPS co-administration. Correspondingly, IFNγ and LPS synergistically induced the expression of pro-inflammatory factors, including IL-1, IL-6, IL-12, NO and TNF-α, in an IRF8-dependent manner. Comparable synergism was observed between IFNγ and peptidoglycan (PGN; a TLR2 ligand) and poly (I:C) (a TLR3 ligand) in the induction of IL-12 promoter activity. Also in macrophages, IRF8 has been linked to the IFNγ and LPS-mediated transcriptional activation of CCL5 (RANTES),[@R62] a known chemokine actively involved in leukocyte recruitment to the injured artery during vascular remodeling. These findings suggest that in immune cells STAT1 and IRF8 are unique points of convergence for the antimicrobial synergism between IFNγ and TLRs.

Our recent observations[@R7] suggest that also in ECs and VSMCs STAT1 orchestrates a platform for cross-talk between IFNγ and LPS. Moreover, increased production of STAT1 protein in these cells, strictly dependent on IFNγ provides a potential mechanism resulting in augmented STAT1 phosphorylation when both IFNγ and LPS are present. This coincided with increased expression of the chemokine IP-10 and the adhesion molecule ICAM-1 as well as adhesion of U937 leukemia cells to ECs, in a STAT1- and TLR4-dependent manner.[@R7] Interestingly, under the same conditions we also observed a significant increase in IRF8 gene expression as compared with both factors alone. More importantly, this correlated with a dramatic amplification of CCL5 (RANTES) gene and protein expression in a STAT1 as well as IRF8-dependent fashion. (Chmielewski et al., manuscript in preparation)

In addition to its known immune cell functions, this uncovers a novel role of IRF8 in ECs as well as VSMCs, facilitating signaling events initiated by both IFNγ and LPS, thus providing a platform for IRF8-dependent crosstalk between the two pathways and leading to increased expression of pro-inflammatory mediators.

Multiple Signal Convergence of STAT1 in Vascular Dysfunction
============================================================

Integration of IFNγ and TLR signaling pathways occurs through synergy between TLR- and IFNγ-induced transcription factors, which is likely to be a global mechanism to allow the integration of multiple input signals for synergistic, coordinated regulation of gene expression. IRF1, IP-10, ICAM-1 and iNOS genes contain both STAT1 and NFκB binding sites in their promoter.[@R59]^,^[@R60]^,^[@R63]^-^[@R68] For example, IFNγ signaling induced iNOS mRNA via STAT1, but induction was maximal only when the iNOS promoter NFκB sites were occupied following TLR ligation.[@R64]^,^[@R68]^,^[@R69]

More detailed investigation of STAT1-dependent transcriptional synergism between IFNγ and LPS in cells from the vasculature predicts the existence of different regulatory mechanisms through the additional involvement of IRF1 and IRF8 ([Fig. 4](#F4){ref-type="fig"}). Our studies in ECs and VSMCs confirmed that IP-10 and ICAM-1 are IFNγ[@R70]^,^[@R71] as well as LPS-inducible[@R72]^,^[@R73] genes while their expression coincided with STAT1 phosphorylation, although in a different way. In case of IP-10, the dramatic increase in gene expression observed in ECs and VSMCs treated with IFNγ followed by LPS correlated with a predominant STAT1-dependent, but IRF8-independent (Chmielewski et al., manuscript in preparation) mechanism involved in the integration of both signals. Interestingly, the synergism between IFNγ and IL1β or TNFα in mouse embryonic fibroblasts and macrophages was shown to result in increased expression of IP-10 in a STAT1-dependent manner and requiring IRF1, but not NFκB.[@R66]^,^[@R74]^,^[@R75] Since a protein synthesis-dependent mechanism was involved and IRF1 is upregulated by both IFNγ and LPS, it is tempting to speculate that a similar IRF1-mediated mechanism could play a role in IP-10 expression in IFNγ-primed vascular cells that are subsequently stimulated by LPS.[@R7]

![**Figure 4.** IFNγ and LPS signaling integration in vascular cells. IFNγ and LPS use the same transcription factor (STAT1) to elicit cell response. This cross-talk causes amplification of STAT1 activation. This pro-inflammatory factor can induce secondary transcription factor genes by itself (IRF1 and IRF8) and also interact with LPS-dependent NFκB leading to elevated expression of ICAM-1 and iNOS. The second wave of signaling includes IRF1 and IRF8, which are both induced by STAT1 and also directly by LPS. IRF1 can act as a homodimer to induce expression of IP-10 and also can interact with IRF8 to induce CCL5. This creates a multi-layer integration of signaling between IFNγ and LPS which leads to increased inflammation and vascular dysfunction.](jkst-1-241-g4){#F4}

In contrast, the increased expression of ICAM-1 RNA in ECs treated with IFNγ followed by LPS was weaker as compared with IP-10 and most likely involved an NFκB-dependent mechanism.[@R7] IFNγ-induced ICAM-1 expression was shown to be STAT1-dependent.[@R71] Similar to the iNOS gene, the ICAM-1 promoter contains STAT1 and NFκB binding sites and maximal transcription requires both signals.[@R59]^,^[@R63]^,^[@R76] This suggests that a mechanism involving the cooperation between STAT1 (IFNγ and LPS-mediated) and NFκB (strictly LPS-mediated) is responsible for ICAM-1 expression in IFNγ-primed vascular cells that are subsequently stimulated by LPS.

The transcriptional regulation of the CCL5 gene in macrophages in response to IFNγ and LPS uncovered a novel role of IRF8 and required both the IRF1 and NFκB binding sites.[@R62] Indeed, IRF8 complexed with IRF1 at the ISRE was responsible for the IFNγ signal, while IRF8 interacting with NFκB and PU.1 at the NFκB site in the IFNγ and LPS response.[@R62] PU.1 is a member of the large Ets family and is an important regulator of myeloid and lymphoid cell differentiation.[@R77] Since PU.1 expression is restricted to immune cells and IRF1 and IRF8 are upregulated by both IFNγ and LPS, the IRF8-dependent expression of CCL5 in IFNγ-primed vascular cells that are subsequently stimulated by LPS (Chmielewski et al., manuscript in preparation) is highly likely to involve an IRF1/IRF8-mediated mechanism and not an IRF8/NFκB.

Future Perspectives
===================

Together with the established roles of IFNγ and TLRs in atherosclerotic pathology, the synergism between IFNγ and TLRs in ECs and VSMCs and atheroma-interacting immune cells in response to exogenous and endogenous atherogenic ligands could result in amplification of STAT1-mediated pro-inflammatory responses in the damaged vessel. In co-operation, the mechanisms as proposed in [Figure 4](#F4){ref-type="fig"} could offer an explanation for the differential STAT1-dependent signal integration between IFNγ and TLR4 signals in vascular cells, with the novel role of IRF8 providing an additional layer to the overall complexity. As a consequence, in the presence of IFNγ and LPS (or any other exogenous or endogenous TLR4 ligands), pro-inflammatory mediators like IP-10, CCL5 and ICAM-1 can be over-produced in ECs and VSMCs and may in turn function on leukocyte attraction and adhesion and VSMC proliferation and migration,[@R78]^-^[@R81] which are important characteristics of EC dysfunction and early triggers of atherosclerosis.

Translational implications
--------------------------

Despite the tremendous progress made in atherosclerosis management, it is still a common health problem and a major financial load on healthcare system. Until now, therapies focused on stabilizing patients with moderate and advanced pathologies, partially because clinicians are lacking diagnostic assays able to detect early changes and partially because of the lack of information about the molecular basis of early plaque development. Novel experimental background summarized in this review brings promise of new intervention and diagnostic tools that could act in the early stages of atherosclerotic plaque development.

STAT1 represents an interesting novel target of therapeutic intervention that has a crucial role in mediating the interplay between damaged vessels and host immunity to control atherosclerosis mediated by IFNγ and TLR-directed crosstalk. With its immune cell specificity and novel vascular specific functions, we uncovered IRF8 as an attractive novel therapeutical target that could provide a way to control early plaque formation in a cell type specific manner and with greater specificity.

Finally, crosstalk between IFNγ and TLR4 relying on STAT1 and IRF8 results in amplification of expression of inflammatory mediators, such as IP-10, ICAM-1 and CCL5. These mediators could potentially be quantified in the serum of patients and used as a measure of disease initiation and progression. Although the concept of serum markers of atherosclerosis has been pursued already for some time without much success, the new experimental findings summarized in this review show new promise that such specific markers could be selected and used to monitor and diagnose subclinical atherosclerotic changes.
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